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Fig. I Comparison of flow patterns and time histories of lifi coefficient in reduced frequencies. 
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is almost the same all through the reduced fiequencies. 
A parameter of the planform of wing was represented by the location of the maximum chord length. We 
investigated the effect of the pararneter on the aerodynamic characteristics in hovering flight. As the maximum 
chord length locates at nearer the wing tip, the increase of power coefficient is larger than the increase of the lift 
coefficient; as a result, the efficiency of lifi; decreases although the layger lift is obtained. On the contrary, as the 
maximum chord length locates at nearer the wing base, the decrease of power coefiicient is larger than the 
decrease of lifi coefficient; as a result, the efficiency of lift increases although the lifi bccomes smaller. 
Chapter 4 Effects of Motion type of Flapping Kinematics in Hovering Flight 
The effects of motion types of flapping kinematics in hovering flight were experimentally investigated in 
Chapter 4. Two simple motion pattems were presented: the trapezoidal type and the sinusoidal type. In the 
trapezoidal type, the time histories of velocity of flapping and feathering motions are represented as the 
trapezoidal functions. On the other hand, the time histories of velocity in the sinusoidal type are represented as the 
sinusoidal functions. 
The trapezoidal type of flapping motion is divided into two phases: the translational phase in which the wing 
has a constant velocity; and the reversal phase in which the wing accelerates and decelerates. On the other hand, 
the sinusoidal type of flapping motion is characterized by the continuous acceleration and deceleration of the wing. 
The sinusoidal type of flapping motion produces larger lift but needs much more power than the sinusoidal type of 
flapping motion; as a result, the sinusoidal type of flapping motion has smaller efficiency of lifi than the 
trapezoidal type. This fact is explained as the difference of time histories of flapping velocities. Although the 
sinusoidal type moves the same displacement at one cycle as the trapezoidal type, it has the larger maximum 
velocity than the trapezoidal type instantaneously. This causes that the sinusoidal type has a larger mean-squared 
velocity at one cycle, but has a much larger mean-cubed velocity than the trapezoidal type. This results in the 
necessary of much more power rather than lifi because lifi and power are proportional to the mean-squared and 
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Fig.3 Comparison ofthe rotational effect. 
mean-cubed velocities, respectively! This effect of flapping motion is confirmed that the time history of lifi 
coefficient measured by the experiment basically agrees with the estimation calculated from the instantaneous 
flapping velocity and the angle of attack, which is assumed that the flow around the wing is always in the delayed 
stall (see Fig.2). The discrepancy between the estimation and the measured result is explained as the effect of 
feathering motion. 
The trapezoidal type of feathering motion is also divided into two phases: the translational phase in which the 
wing has a constant angle of attack, and the rotational phase in which the wing rotates around the feathering axis, 
On the other hand, the sinusoidal type of feathering motion is characterized by the continuous rotation of the wing 
around the feathering axis. The experimental results show that the trapezoidal type of feathering motion generates 
larger lifi but needs smaller power than the sinusoidal type of feathering motion. This result can be explained as 
the rotational effect. The timing of the rotational phase against the flapping motion is important in order to obtain 
a higher efficiency. The faster rotational motion during the flapping translational phase enhances the fluid force 
normal to the wing surface. This combination contributes to increase power rather than lifi:; as a result, the 
efiiciency of lift decreases (see Fig.3). Because the enhanced normal force due to the rotational effect is directed 
to the stroke direction due to the pitching-up of the wing. On the other hand, the combination of the rotational 
phase of feathering motion with the reversal phase of flapping motion contributes to increase lifi rather than 
power; as a result, the efficiency of lift increases. For the same reason, the symmetrical motion has the higher 
efficiency than any other timing of rotation. 
These results indicate that the combination of the trapezoidal type of flapping with the trapezoidal type of 
feathering motion should be chose for obtaining a higher efficiency; the combination of the sinusoidal type of 
flapping with the trapezoidal type of feathering motion should be chose for obtaining a larger lifi. 
Chapter 5 Aerodynamic Characteristics of Flapping Wings in Forward Flights 
We conducted measurements of the aerodynamic characteristics and flow visualization of flapping wing in 
forward flights in Chapter 5. In addition, we investigated the effects of reduced frequency and motion pattems on 
aerodynamic characteristics in forward flights experimentally. 
All through the forward velocity, the combination of the trapezoidal type of flapping with the trapezoidal type 
of feathering motions presents the higher efficiency than any other combinations; and, the combination of the 
sinusoidal type of flapping with the sinusoidal type of feathering motions needs much more power than any other 
combinations. These results are the same as in hovering flight. These facts indicate that the delayed stall and the 
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Fig.4 Flow pattem in the reversal phases from the up- to down-stroke and from the down- to up-stroke. 
rotational effect are still effective on the aerodynamic forces in forward flight. 
However, the time histories of forces are quite different in forward flights from in hovering flight. The relative 
flow velocity and the effective angle of attack of a flapping wing are related with the forward velocity and 
flapping velocity, and the instantaneous attitude of wing: i.e., the flapping and feathering angles, and the stroke 
p]ane angle. The stroke plane angle must be inclined in forward flights in order to generate thrust and lifi at the 
same time, although it is horizontal in hovering flight. Thus, a flapping wing experiences the different relative 
flow velocity and the different effective angle of attack between the up- and down-stroke unlike in hovering flight. 
As a result, the fluid forces and flow pattem are quite different between the up- and down-stroke; in general, the 
fiuid force is enhanced in the down-stroke and reduced in the up-stroke. 
Unlike in hovering flight, the sinusoidal type of feathering motion generates higher lifi than the trapezoidal 
type; and the slower rotational motion generates higher lift in the trapezoidal type of feathering motion. These 
results indicate that the forward velocity reduces the contribution of the reversal phase on lifi compared with that 
ofthe middle of the stroke (or the translational phase). This is because the forward velocity enhanced the relative 
velocity in the middle of the stroke compared with that in the reversal phase. 
Moreover, the wake capture effect in forward flight is also different from that in hovering flight. The wake 
capture effect is still effective on the aerodynamic forces in forward flights, in particular, in the reversal phase 
from the down- to up-stroke, because the vortices produced in the previous dowa-stroke are remained in the next 
up-stroke. On the contrary, the wake capture is little effective on the aerodynamic forces in the reversal phase 
from the up- to down-stroke, because the vortices produced in the previous up-stroke are swept away downwind 
in the reversal phase (see Fig.4). 
Chapter 6 Conclusions 
The conclusions in this study were describcd in Chapter 6. 
We presented the reliable data of the aerodynamic characteristics of flapping wings in hovering and forward 
flights, and clarified the effects of the fundamental parameters of a flapping wing on the aerodynamic 
characteristics. This study provides a fundamental understanding of flapping wings and guidelines of the design 
and development of Micro Air Vehicle with flapping wings. 
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 論文審査結果の要旨
 超小型飛翔ロボットの開発研究において,羽ばたき翼のスケールモデルを用いた液体中での非定常空
 気力の測定は信頼性の高いデータを提供し,昆虫の羽ばたき飛行における非定常空気力の生成メカニズ
 ムを明らかにしてきた。しかし,これまでの測定は静止流体中すなわちホバリング飛行を模擬したもの
 であり,前進飛行を模擬した測定は行われていない。また,羽ばたき翼の空力特性は多くのパラメータ
 に支配されているが,それらのパラメータが非定常空気力に与える効果についての詳細な研究はほとん
 ど行われていない。本論文では,スケールモデルを用いた羽ばたき翼の非定常空気力の測定および流れ
 の可視化を,回流式水槽を用いて行い,ホバリングおよび前進飛行時の空力特性に与える各種のパラメ
 ー タの効果の詳細を明らかにした。本論文は,この研究成果についてまとめたもので,全編6章よりな
 る。
 第1章は序論であり,本研究の背景及び目的を述べている。
 第2章では,スケールモデル実験による非定常空気力の測定および流れの可視化,そして数値流体力
 学(CFD)の手法について述べている。また,ホバリングおよび前進飛行時における空気力の時間変動
 およびその流れについて,測定結果とCFDによる結果とを比較しており,これらは本測定手法の妥当
 性を証明した重要な成果である。
 第3章では,ホバリング飛行における羽ばたき翼のレイノルズ数,無次元振動数,翼平面形状それぞ
 れの効果について述べている。大型飛翔昆虫に対応するレイノルズ数1000から5000の範囲でレイノル
 ズ数の影響はほとんどないことが実験的に示されている。無次元振動数は,前のストロークによって誘
 起された流れとの干渉効果に影響を与えることが示されている。翼平面形状における最大コード長位置
 をパラメータとし,それが空力特性に与える影響を示している。これらは,羽ばたき翼の設計において
 基本的な指針を与える有効かつ重要な成果である。
 第4章では,ホバリング飛徐こおける翼の動かし方の効果について述べている。単純な翼の動かし方
 として台形波型と正弦波型羽ばたき運動を用い,それらの空力特性を比較した。台形波型羽ばたき運動
 は必要パワーが少なく,効率が良いことが示されている。また,羽ばたき運動の基本的な動きである壷
 進,加減速,回転運動のそれぞれの組合せの効果について調べ,ストローク切返しでの速い回転運動は
 良い効率を与えることが示されている。これらは,基本的な羽ばたき運動が非定常空力特性に与える効
 果を明示した有用な成果である。
 第5章では,前進飛行における羽ばたき翼の空力特性について述べている。これまで測定されていな
 かった,前進飛行における空気力の時間変動およびその流れの特性を実験的に提示している。さらに前
 進飛行時における翼の動かし方および無次元振動数の効果を明らかにしている。これらはCFDの検証
 データとして,また羽ばたき翼の設計を行う指針として,非常に有用な成果である。
 第6章は結論である。
 以上要するに,本論文はホバリングおよび前進飛行における羽ばたき翼の基本的な空力特性を明示し
 たものであり,バイオロボティクスおよび航空工学の発展に寄与するところが少なくない。
 よって,本論文は博士(工学)の学位論文として合格と認める。
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